Gas phase hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is a relatively stable molecule which releases a large amount of energy upon decomposition. Although gas-phase unimolecular decomposition experiments suggest at least two major pathways, there is no mechanistic understanding of the reactions involving RDX or other energetic molecules (such as HMX and TATB), used in applications ranging from automobile air bags to rocket propellants. For the unimolecular decomposition of RDX, we find three pathways: (i) concerted decomposition of the ring to form three CH 2 NNO 2 (M ) 74) molecules, and (ii) homolytic cleaVage of an NN bond to form NO 2 (M ) 46) plus RDR (M ) 176), which subsequently decomposes to form various products. Experimental studies suggest that the concerted pathway is dominant while theoretical calculations have suggested that the homolytic pathway might require significantly less energy. We report here a third pathway: (iii) successive HONO elimination to form 3 HONO (M ) 47) plus stable 1,3,5-triazine (TAZ) (M ) 81) with subsequent decomposition of HONO to HO (M ) 17) and NO (M ) 30) and at higher energies of TAZ into three HCN (M ) 27). We examined all three pathways using first principles quantum mechanics (B3LYP, density functional theory), including the barriers for all low-lying products. We find: A threshold at ∼40 kcal/mol for which HONO elimination leads to TAZ plus 3 HONO, while NN homolytic cleavage leads to RDR plus NO 2 , and the concerted pathway is not allowed; above ∼52 kcal/mol the TAZ of the HONO elimination pathway can decompose into 3 HCN while the HONO can decompose into HO + NO; above ∼60 kcal/mol the concerted pathway opens to form CH 2 NNO 2 ; at a threshold of ∼65 kcal/mol the RDR of the NN homolytic pathway can decompose into other products. These predictions are roughly consistent with previous experimental results and should be testable with new experiments. This should aid the development of a kinetic scheme to understand combustion and decomposition of solid-phase RDX and related energetic compounds (e.g., HMX).
I. Introduction
The cyclic nitramines hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), are important energetic ingredients for various propellants and explosives since they release a large amount of energy in bulk decomposition. Thermal decomposition of these energetic materials has been observed to form very simple final product molecules, such as HCN, NO, N 2 O, NO 2 , CO, CO 2 , H 2 O, H 2 CO, etc. Understanding the underlying complex chemical processes is essential to obtain an improved model for combustion or detonation of these energetic materials.
A number of experimental studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have been directed toward elucidating the mechanistic details of the thermal decomposition of RDX, and various plausible reaction pathways have been proposed. Many experiments dealt with bulk phase materials, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] including decomposition in the condensed phase (solid or liquid) and the gas-phase flame structure near the burning RDX surface. The results reported have varied widely depending on the experimental conditions. To determine the initial steps of decomposition for these condensed phase studies, we focused on the gas-phase pyrolysis.
I.A. Experimental Studies.
In an effort to understand the molecular level decomposition mechanism of RDX, Zhao, Hinsta, and Lee (ZHL), studied the infrared multiphoton dissociation (IRMPD) of RDX in a molecular beam using a time-of-flight velocity spectra (TOFVS). 16 They detected mass fragments of 120, 102, 81, 74, 56, 46, 44, 42, 26-30, and 12-17 as the major products from laser photolysis (which includes mass fragments of both primary and secondary decomposition products). ZHL concluded that the dominant primary channel in the RDX decomposition is a concerted symmetric triple fission of RDX ring. Based on the reported heat of formation of 33.6 kcal/mol for methylenenitramine (MN) by Melius and Binkley, 21 ZHL estimated the endothermicity to be 80 kcal/ mol for the concerted ring fission (which compares with the N-N bond dissociation energy of 48 kcal/mol calculated by Melius and Binkley). ZHL estimated that the laser pulse in their experiments deposited a total internal energy of 80 kcal/mol. Thus, they concluded "the concerted ring breaking is energetically accessible for a large fraction of the RDX in this experiment, even though the endoergicity derived from the heat of formation of MN given by Melius and Binkley seems unreasonably high".
On the other hand, more recent UV photolysis experiments [18] [19] [20] observed N-NO 2 homolysis as the primary decomposition reaction.
Behrens and Bulusu 2 using simultaneous thermogravimetry modulated beam mass spectrometry measurements, TOFVS analysis and isotopic crossover experiments suggested formation of oxy-s-triazine (OST) via the elimination of an HNO and two HONO molecules in the unimolecular decomposition of RDX in addition to other decomposition products. They concluded that OST is the only decomposition product from RDX that solely exhibits unimolecular decomposition kinetics. The rate of formation of OST has a first-order deuterium kinetic isotope effect which supports the HONO elimination as the ratecontrolling step.
Moreover, Capellos et al. 17 based on photodissociation of RDX using 248 nm radiation (KrF laser) considered that concerted HONO elimination through a five-member cyclic transition state (TS) is the most likely primary decomposition pathway.
In addition, formation of N 2 O 4 was observed in the CO 2 laser pyrolysis of RDX thin films. 18 This result was interpreted mechanistically as N-NO 2 cleavage followed by dimerization of NO 2 radical.
Recently, CO 2 laser-induced pyrolysis of RDX, 12 identified 47, 54, 56, 70, 81, and 97 as the parent mass fragments below m/e 100 in addition to the usual small mass fragments (18, 27, 30, 44, 46) . Summarizing, there is experimental evidence for both the concerted and N-N homolysis dissociation pathways.
I.B. Theoretical Studies. The first qualitative theoretical analysis of the decomposition mechanism for RDX (Melius and Binkley 21 ) used ab initio quantum mechanics at the MP4 level, corrected empirically (BAC-MP4). The conclusion was that the N-N homolytic cleavage is the primary decomposition pathway. Assuming RDX has N-NO 2 bond dissociation energy similar to nitramine and methyl nitramine, they estimated a dissociation energy of ∼48 kcal/mol for RDX.
Harris and Lammertsma 22 and Rice and Chabalowski 23 reported detailed studies of the conformations and bond dissociation energies of RDX using ab initio (MP2) and density functional (DFT-B3LYP) methodologies. They suggested that several conformational minima for RDX exist within a small energy range of about 1 kcal/mol. Furthermore, Harris and Lammertsma concluded that the N-NO 2 and C-H bonds in RDX are unusually weak, indicating that the initiation of decomposition by N-N bond cleavage and propagation of the decomposition by H atom transfer should be facile.
Sewell and Thompson 24 used classical dynamics to study RDX decomposition. They estimated that the barrier height for the concerted ring breaking is 37 kcal/mol (based on available thermochemical information in the literature), confirming the experimental interpretation of ZHL. 16 Later a similar study by Chambers and Thompson 25 demonstrated that a concerted barrier height of <40 kcal/mol is required to establish the branching ratio observed by ZHL.
Habibollazadeh et al. 26 carried out calculations at the semiempirical, ab initio, and DFT-LDA (local density approximation) level. They concluded that the barrier for the concerted fission is 72-75 kcal/mol.
Recently, Wu and Fried 27 carried out an extensive series of high-level DFT calculations (B3LYP, B3PW91, BPW91) of the potential energy profile for two dissociation channels: (I) N-NO 2 bond rupture and (II) concerted ring fission to three MN molecules. They found that path I is favored by 18.3 kcal/ mol over II, suggesting that N-NO 2 bond rupture is the dominant channel in gas-phase decomposition of RDX.
Summarizing, these theoretical studies have provided support for both the concerted and N-N homolytic fission pathways, but somewhat favors the latter.
I.C. Current Work.
Despite the large number of experimental and theoretical investigations, the mechanism of thermal decomposition of RDX is still uncertain. Experimentalists have observed numerous products in the thermal decomposition of RDX and have suggested two plausible qualitative schemes. 13 Most theoretical calculations have been restricted to either conformational analysis of RDX or validation of the ZHL observations. Thus, they have considered just the two initial decomposition pathways, concerted ring fission versus N-N bond cleavage. Consequently, we decided to carry out a detailed mechanistic study of thermal decomposition of RDX using ab initio DFT methodology (B3LYP).
Section II outlines the computational methods while Section III presents the calculational results. These are compared to experiment in Section IV, with the summary in Section V.
II. Computational Methods
The geometries of the reactants, products, intermediates, and transition states (TS) have been optimized at the B3LYP flavor of density functional theory. This includes the generalized gradient approximation (Becke 1988 nonlocal gradient correction), exact exchange using the Becke three parameter exchange functional, 28 and the nonlocal correlation functional of Lee, Yang, and Parr. 29 We used the modest 6-31G(d) basis set to be consistent with practical extensions of the same level of calculation to higher analogue such as HMX. This level of theory is expected to predict the energetics of large molecular systems such as RDX to a few kcal/mol. 22, 27 All stationary points have positively identified for local minima [number of imaginary frequencies (NIMAG) ) 0] and for TS (NIMAG ) 1). Vibrational frequencies were calculated at all stationary points to obtain zero-point energies (ZPE) and thermodynamic parameters. All calculations were carried out with Jaguar quantum chemistry program package. 30 Figure 1 shows the optimized geometry of RDX in two different conformations (chair and boat) and the corresponding TS for interconversion. The optimized structures of the decomposition products are shown in Figure 2 , while the various TS are presented in Figure 3 . The vibrational frequencies of all the TS are given in Table 1 , while the frequencies for the reactants and stable intermediates are given in Table 2 .
III. Results
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, and the negative numbers indicate imaginary frequencies.
Here and in the discussion, the energies are corrected for ZPE. In discussions, where this correction is not made, we will indicate so by adding: (no ZPE).
III.A. Equilibrium Structure of RDX.
The various ring conformations of RDX have been studied extensively, with detailed reviews in two recent theoretical papers. 22, 23 Our predictions are quite similar to these earlier calculations and will not be discussed in detail.
The triaxial chair (AAA) with C 3V symmetry is the global minima, which agrees well with the earlier theoretical results 22, 23 and the gas-phase electron diffraction structure. 31 We find short (2.22 Å) (N-O....H-C) H-bond intramolecular contacts that might aid the intramolecular H-transfer required for a HONO elimination primary dissociation pathway (also pointed out by Harris and Lammertsma 22 ).
The tri-equatorial chair conformer (EEE) is also found to be a local minima, but it is 4.7 kcal/mol less stable than AAA.
We find that the AAA-boat conformer of RDX (see Figure  1 ) is 0.75 kcal/mol (no ZPE) above the AAA-chair conformation, but it has one small imaginary frequency (24i cm -1 ), indicating that AAA-boat is not a stable structure for RDX (at this level of theory). Starting from this structure and minimizing the energy along this negative eigenvalue leads to the non symmetric twist boat conformer. We attempted to locate the TS corresponding to the boat to AAA chair interconversion. However, the TS converged to a higher order saddle point with two imaginary frequencies (134i and 10i cm -1 ). The 10i cm -1 mode also corresponds to the boat to twist boat interconversion. Thus, the energy barrier for boat to AAA-chair interconversion is 4.3 kcal/mol (no ZPE correction).
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For this process we computed a TS at 59.4 kcal/mol and a reaction ∆H of 45.9 kcal/mol, as shown in Figure 4 . The transition structure (denoted TS1) was located by first scanning the reaction path assuming a symmetric structure, followed by optimizing the maximum energy structure along the reaction path. Then starting with this structure we found the closest saddle point (one negative eigenvalue). We did not require TS1 to retain the C 3V symmetry of RDX. At TS1 the breaking C-N bonds are ∼2.07 Å (1.460 Å is equilibrium) while all other C-N bonds (∼1.31 Å) retain character between the C-N single bond (∼1.46 Å) and double bond (∼1.26 Å), as expected. At TS1 all three fragment MN molecules have the nearly planar configuration expected for the free molecule (shown in Figure  3 ).
As discussed in Section I.B, the theoretical analyses by Thompson 25 indicated that a concerted dissociation cannot be the primary decomposition channel of RDX observed experimentally by ZHL if the barrier is above 40 kcal/mol. Thus, our result that the barrier is 59.4 kcal/mol suggests that the primary decomposition pathway inVolVes some other process.
Several previous theoretical studies have been carried out on the energetics of the concerted ring opening process. 26, 27 The most complete predictions of the barrier were recently reported by Wu and Fried. 27 Based on an extensive series of DFT calculations with a variety of basis sets they recommended the B-PW91/cc-PVDZ level of theory. This leads to E act ) 55. We calculated an N-N bond dissociation energy of 39.0 kcal/ mol (including ZPE). Since the N-N bond energy for RDX is 20 kcal/mol lower than the concerted mechanism, it is plausible that initiation of the RDX decomposition occurs through the N-N bond dissociation.
The calculated N-N bond dissociation energy of RDX is slightly higher than the N-N bond in MN (see Figure 2 ) of 35.9 kcal/mol (including ZPE) at the G2M level of theory (B3LYP leads to 30.0 kcal/mol). 32 The estimated N-N bond dissociation energy [at the B3LYP/6-311G(d,p)//B3LYP/6-31G-(d) level with scaled HF/6-31G(d) ZPE correction] in related nitramines are 46 (dimethylnitramine), 48 (1-nitropiperidine), and 49 (1-nitro-1,3,5-triazine) (where in each case 6 kcal/mol was added to correct the energy for expected error). 22 Starting Although there is some uncertainty in the exact numbers, all reliable calculations indicate that the N-N bond cleavage is ∼20 kcal/mol more faVorable than the concerted ring fission.
III.C.B. Subsequent Decomposition of RDR.
The RDR radical formed after the elimination of first NO 2 can undergo further decomposition through two distinct reaction channels as shown in Figure 5 . The possibility of other decomposition channels from RDR cannot be ruled out, but we find that the two reaction paths presented here are energetically the most favorable. Melius and Binkley proposed several possible decomposition schemes from RDR, 21 including these two.
The minimum energy conformation of RDR has the N-radical center between a planar (half chair) and a nonplanar (chair) conformation (see Figure 2) . The N radical in RDR is known 22 to hyperconjugate with the neighboring C-H hydrogens, providing extra stability to the radical and weakening the bond.
III.C.B.1. The Ring Opening Pathway for RDR Decomposition. III.C.B.1a. Formation of RDR-o + NO 2 . The most commonly considered decomposition pathway is the opening of the RDR ring. 21 We also find ring opening of the radical to be the least energy pathway, requiring an additional 26.4 kcal/ mol energy. The ring opened structure (RDR-o) is 13.5 kcal/ mol less stable than RDR. Two additional possible pathways are concerted ring fission and HONO elimination from RDR. However, our analysis of the product energies confirmed that these two processes cannot compete with the ring opening channel.
The ring opening of RDX preferably occurs through the breaking of the C-N bond between the C atom adjacent to the radical center and its next nitrogen atom. TS2 was generated by first scanning the dissociating C-N bond to find a candidate TS. The C-N bond was varied from 1.5 to 2.4 Å with an interval of 0.1 Å, and each point along the reaction coordinates was then optimized fully (except the reaction coordinate). The maximum, centered around 2.1 Å, was then fully optimized (requiring a single negative curvature) to locate saddle point TS2. To locate the minimum energy structure of RDR-o, we started with the optimized structure at 2.4 Å from the scan and then optimized it fully, which leads to an optimized structure for RDR-o with the nonbonded C-N bond at 3.448 Å. This confirms that TS2 properly connects RDR and RDR-o.
III.C.B.1b. Decomposition of RDR-o by H Migration Followed by CN Elimination. A close look at the reaction path from TS2 to RDR-o, reveals that as the C-N bond moves further along the reaction path, the CH 2 rotates so that the H-atoms approach the breaking N-atom, as shown in Figure 3 , leading to a nonbonded contact of 2.798 Å between the H and N atom in RDR-o. Indeed, we find that the least energy pathway for decomposition of RDR-o involves H-migration through TS3. The barrier to H-migration is only 8.7 kcal/mol at TS3, and the isomeric product INT176 is 3.0 kcal/mol more exothermic than RDR-o.
We searched for a TS for possible elimination of CH 2 N radical from RDR-o, but these calculations always led to H-migration (because of the favorable N-H nonbonded contact in RDR-o).
III III.C.B.1d. MN and MNH Decomposition. The structure of MN is well-known theoretically. 33, 34 The decomposition pathways of MN (CH 2 NNO 2 ) are N-NO 2 cleavage, HCN + HONO formation, and H 2 CO + N 2 O formation. ZHL reported HONO formation as the dominant secondary decomposition channel, but recent theoretical results support N-N bond breaking as the rate-limiting process. 32, 34 MNH may also decompose in a similar manner either to CH 2 -NH + NO 2 , CH 2 N + HONO, or simple H-elimination to MN and H. We did not examine these secondary decomposition paths in the present study. III.C.B.1e. The Concerted Pathway for RDR-o Decomposition. We searched for a concerted decomposition of RDR-o to two MN and CH 2 N, but this did not converge to a reliable TS. Rather we found a stepwise mechanism for this process via TS6 and TS7 as shown in Figure 5 .
RDR-o can dissociate to INT102 and MN via TS6, leading to a barrier 24.6 kcal/mol above RDR-o. INT102 can again dissociate to CH 2 N and MN by breaking the joining C-N bond. The barrier for this process at TS7 is 20 kcal/mol. The breaking C-N bond in TS7 is 1.936 Å, and both the fragments are close to their respective minimum energy structure.
The final products of the concerted ring opening, 2CH 2 NNO 2 , and CH 2 N are 36.8 kcal/mol more endothermic than RDR, as shown in Figure 5 . Hence, the associated TS (TS7) is 15.8 kcal/ mol higher than TS2. As will be discussed in the next section, the HONO elimination process requires a barrier of 35-40 kcal/ mol so that the corresponding TS will also be much higher in energy than TS2.
III.C.B.1f. Elimination of Second NO 2 from RDR. The elimination of a second NO 2 group from RDR becomes difficult due to formation of a biradical (unpaired spin on each of the two N radical centers). This high energy conformation can be avoided by H-migration with simultaneous NO 2 elimination. This leads to TS8, as shown in Figure 5 . As the N-NO 2 distance increases in TS8, the H atom from the neighboring CH 2 group migrates to the N-atom and the adjacent C-N bond (between the N radical in RDR and H migrating C) gains partial double bond character (1.324 Å). The breaking N-N bond in TS8 is 1.976 Å and the migrating H atom is 1.414 Å from the N and 1.270 Å from C. TS8 has a barrier of 44.8 kcal/mol over RDR and goes to a stable intermediate (INT130) .
III.C.B.1g. Concerted Breaking of INT130. INT130 can further decompose concertedly to CH 2 NCHNH (M ) 56) and MN via TS9. The breaking CN bonds in TS9 are 2.405 and 1.941 Å, respectively. Both the fragments in TS9 are close to their respective planar structure. The geometry of the CH 2 -NCHNH product is shown in Figure 2 .
III.C.C. Summary. The three sets of products formed in the N-N homolytic pathway are represented as prod1, prod2, and prod3 in Figure 5 . Although the initial dissociation of RDX to form RDR requires less energy than the concerted ring breaking process, the overall endothermicity of three sets of products (prod1, prod2, and prod3) in the former are much higher than that of the products of the concerted ring fission. Thus, an isolated energetic RDX molecule will prefer a concerted ring breaking to form three MN molecules over decomposition of the RDR to form products.
III.D. Reaction Pathway 3. The Concerted HONO Elimination. We find a third pathway, concerted HONO elimination (reaction pathway three), to be more favorable than the concerted and N-N homolytic pathways discussed above. This new pathway has not been considered in previous theoretical calculations although m/e 81 was experimentally observed by molecular beam 16 as well as in the pyrolysis experiments. 12, 13 Based on the close nonbonded contact of H and NO 2 in RDX a possibility of H migration or HONO elimination from RDX was suggested by Harris and Lammertsma. 22 We searched for a possible HONO elimination TS from RDX and found that TS10 for the first HONO elimination has a barrier of 39.2 kcal/ mol (very close to the calculated N-N bond dissociation energy of 39.0 kcal/mol). Such a similarity in energy (32.7 kcal/mol for HONO elimination and 35.9 kcal/mol N-N bond dissociation) was also observed in the secondary decomposition of MN. 32 This can be attributed to the smaller secondary C-H bond strength in nitramines compared to aliphatic or aromatic C-H bonds. 22 For RDX this HONO pathway leads to INT175 and HONO which are 8.5 kcal/mol exothermic from RDX, as shown in Figure 6 . The structure of TS10 is quite similar to the HONO elimination TS observed in MN 32, 33 or dimethylnitramine 35 as shown in Figure 3 .
III.D. OST (m/e ) 97) was observed as one of the major unimolecular decomposition products of RDX in most of the condensed phase decomposition experiments. 2,12 However, the mass fragment 97 was not detected by ZHL in their IRMPD study of isolated RDX molecule. 16 Behrens and Bulusu 2 proposed an intramolecular rearrangement mechanism for the formation of OST which involved elimination of an HNO and two HONO molecules from RDX. Since the intermediate formed after elimination of two HONO molecules (INT128) is 13.0 kcal/mol more stable than RDX in the HONO elimination pathway, we believe that the formation of OST will more preferably occur from INT128 via the elimination of an HNO molecule.
Behrens and Bulusu proposed that the mechanism of forming OST from INT128 involves migration of one of the CH 2 hydrogens to the oxygen atom of the neighboring NO 2 group as a first step. To test this possibility we performed a scan of the nonbonded H...O distance from INT128. As the H atom approaches the O atom of the NO 2 group, the neighboring N-N bond becomes larger and formation of a C-N π bond occurs which finally lead to the formation of TAZ + HONO. The proposed intermediate after H-migration is also found to be unstable, leading to the decomposition to TAZ + HONO when optimized fully. Since the initial H-migration preferably leads to the elimination of HONO, formation of OST cannot be explained by this mechanism.
On the other hand, our calculations do show OST + HNO + 2HONO to be energetically 6.9 kcal/mol more stable than TAZ + 3HONO. Thus we cannot deny that there might be some other unexplored mechanism for the formation of OST, perhaps a nitro-nitrite rearrangement in INT128 followed by the elimination of HNO molecule.
IV. Discussion
Comparison of Experimental Mass Spectra. Our calculations indicate that HONO elimination is the most favorable channel for RDX decomposition and it is the only channel leading to exothermic unimolecular decomposition. Beside establishing the minimum energy pathways for RDX decomposition, a complete mechanism must account for all mass fragments detected in TOFVS (ZHL) 16 and the laser pyrolysis studies. 12 We find that the threshold for unimolecular decomposition of RDX is 40 kcal/mol which forms RDR(176) + NO 2 (46) by N-N homolytic and TAZ(81) + 3HONO(47) by HONO elimination.
With a total energy of ∼52 kcal more, we expect to see decomposition of TAZ to form 3HCN (27) plus decomposition of INT128 to form MN(74) and 2 HCN (27) . Furthermore, at an energy of ∼50 kcal/mol, we expect decomposition of HONO to OH(17) and NO(30).
With a total energy of ∼60 kcal/mol we expect opening of the concerted pathway to form 3 MN(74).
With ∼70 kcal/mol we expect RDR decomposition to form MNH(75), MN(74), and HCN (27) to become possible.
Finally, with ∼80 kcal/mol or above, RDR decomposition through another two channels (see Figure 5 ) opens up and it becomes possible to form MN(74) and CH 2 N(28) via decomposition of INT102, and to form CH 2 NCHNH(56), MN(74), and NO 2 (46) via INT130.
This leads to the schematic diagram for mass fragments from decomposing RDX at different internal energy as shown in Figure 7 . Given the total internal energy of 80 kcal/mol for RDX molecule in the ZHL laser studies, all the three above channels might be energetically accessible. The major mass fragments detected by ZHL are 120, 102, 81, 74, 56, 46, 44, 42, 26-30, and 12-17. At around 40 kcal/mol energy the only mass fragments which could be found are 176(INT176), 81(INT81), 47(HONO), and 46(NO 2 ). 176 is a result of N-N bond homolytic cleavage and was evident in most of the experiments. 16-20. The mass 81, which is a major decomposition product found at this energy, was observed as a strong peak by ZHL 16 and also by others. 12, 13 On the basis of their translational energy distributions, ZHL considered mass 81 as a faster decomposition component of mass 176. Our calculation clearly indicates that this is not the case, mass 81 could be formed directly through consecutive HONO elimination (pathway 3). INT175 and INT128 are short-lived intermediates, and hence, these mass fragments are not likely to be observed experimentally.
There was no evidence of m/e 47(HONO) in the IRMPD study of ZHL because it undergoes further decomposition to OH(17) and NO(30) with a barrier of 49.6 kcal/mol (calculated). This is consistent with a recent pyrolysis study of Lee et al., 12 who observed m/e 47 as a parent mass peak (with m/e 17 observed experimentally mainly due to decomposition of HONO). 16, 17 However, in ref 16 , ZHL observed only a slower component of OH generated from the decomposition of secondary HONO obtained from CH 2 NNO 2 (MN) decomposition.
At around 52 kcal/mol energy we expect 27(HCN) to be found while at 60 kcal/mol we expect 74(MN) to be formed in addition to the lower energy products. Indeed, 74 was observed as a major mass fragment experimentally. 16 With ∼52 kcal/ mol we find m/e 74 can be formed through the HONO elimination channel. The faster component of 74 observed by ZHL was considered to be the result of the decomposition of parent RDX molecule through concerted ring breaking. When the internal energy of the molecule is around 60 kcal/mol, reaction path 1 is accessible, which justifies the fast component of 74 found experimentally.
At an energy of 70-80 kcal/mol the RDR decomposition from N-N homolysis pathway is also accessible which could form the mass fragments 75(MNH), 74(MN), 27(HCN), and 102(INT102). However, RDR-o, INT176, and INT149 are not very stable intermediates and might not be observed experimentally.
We calculate that at 81 to 84 kcal/mol the decomposition of INT102 and INT130 (see Figure 5 ) would lead to mass fragments 74(MN), 28(CH 2 N), and 56(CH 2 NCHNH). Since the energetics may be off by ∼3 kcal/mol they might also be accessible by the ZHL experiments.
Our calculations account for all mass fragments (including m/e 102, 81, 74, 56, 46, 30, 27, and 17) observed by ZHL in their IRMPD study except for m/e 120, which is not a major product. The possible formula of CH 2 N 3 O 4 was suggested by ZHL for m/e 120, who considered it as decomposition product of 176(RDR). However, we have not found a rearrangement pathway from RDR leading to formation of 120. Thus, we cannot understand how 120 could result from a primary decomposition pathway.
The other smaller mass fragments observed experimentally by ZHL, such as 44(N 2 O), 29(H 2 CO), etc., result from secondary decomposition of such products as MN. At around 33 kcal/mol energy MN can decompose to 47(HONO) and 27(HCN) whereas ∼38 kcal/mol energy is required to form 44(N 2 O) and 29(H 2 CO). 32 Thus, the (74) MN resulting from the HONO elimination pathway can undergo further decomposition at an energy ∼60 kcal/mol while, ∼80 kcal/mol or higher energy is required for the secondary decomposition of MN formed via the other two pathways.
V. Summary
Our calculations lead to the following conclusions about RDX decomposition:
(i) Three distinct reaction pathways are identified for the unimolecular decomposition of RDX. The consecutive HONO elimination to form TAZ and 3HONO (with further decomposition of TAZ to 3HCN) is identified as the energetically most favorable decomposition pathway. N-N bond cleavage to form RDR is also favorable but the associated endothermicity for further decomposition makes this channel less favorable than the other two reaction paths.
(ii) The present scheme successfully accounts for the mass fragments observed in molecular beam experiments except for m/e 120.
(iii) The HONO elimination reaction pathway is the most exothermic primary decomposition channel and may account for the energy release observed in the decomposition of RDX. Of course, most of the energy released in the gas-phase comes from secondary reactions.
